The parasitic protozoa Leishmania major produces a peroxidase (L. major peroxidase; LmP) that exhibits activities characteristic of both yeast cytochrome c peroxidase (CCP) and plant cytosolic ascorbate peroxidase (APX 
Heme peroxidases are found in many organisms and utilize peroxides to oxidize a variety of physiologically important molecules (1) . Because these enzymes are robust and form spectroscopically visible and stable intermediates, heme peroxidases have proven to be a model system to probe structure-function relationships in heme proteins. The general heme peroxidase mechanism is outlined below. Upon the addition of an equimolar amount of H 2 O 2 , the enzyme forms the stable intermediate termed Compound I. H 2 O 2 is heterolytically cleaved, releasing a water molecule while the second peroxide-derived oxygen atom remains coordinated to the heme iron. The iron-linked oxygen atom with only six valence electrons oxidizes the heme iron to Fe(IV) and a nearby organic moiety to a cationic radical. The enzyme returns to the resting state upon two successive electron transfer events from two individual reducing substrate molecules (S in the above scheme), forming the second water that remains in the active site of the resting enzyme. For most heme peroxidases, R is the porphyrin ring. In the case of cytochrome c peroxidase (CCP), 2 however, R is an amino acid residue, Trp 191 , located in the proximal pocket directly adjacent to the proximal His heme ligand (2) . CCP is also the only well characterized peroxidase that utilizes another protein, cytochrome c, as a reducing substrate.
These unique mechanistic features of CCP have prompted many investigations probing the relationship between structure and function in heme peroxidases. Structurally, all heme peroxidases have a highly conserved 10-␣-helical bundle with sequence identities ranging from ϳ16 to 50% (3) and very similar active site architectures. The initial crystal structures and sequence alignments provided reasonable explanations for why CCP forms a Trp radical and not a porphyrin radical. A large majority of heme peroxidases have a Phe at the analogous position of Trp 191 in CCP, and because the indole side chain is easier to oxidize than the phenyl side chain, it was postulated that the CCP Trp is preferentially oxidized. This hypothesis was disproved after electron paramagnetic resonance (EPR) experiments illustrated that cytosolic pea ascorbate peroxidase (APX) forms a heme porphyrin radical despite APX maintaining proximal Trp (4) .
These unexpected results with APX led to numerous studies that clearly illustrated that stabilization of the Trp 191 cation radical is dependent upon the surrounding electrostatic environment (5) (6) (7) (8) (9) (10) . One obvious difference between CCP and APX is the K ϩ ion (Ca 2ϩ in other peroxidases) in APX that is located about 8.5 Å from the proximal Trp and is, therefore, in position to electrostatically destabilize the positive charge on the cationic Trp radical. CCP lacks the K ϩ and instead binds a water molecule at this location. Our group has shown that engineering the APX K ϩ site into CCP destabilizes the Trp 191 radical in a cationic concentration-dependent manner and decreases activity to about ϳ0.02% of wild type levels (5-7). Other studies illustrated that the electronegative amino acids unique to CCP, Met 230 and Met 231 , near Trp 191 are also important for stabilization of the Trp radical (5, 11, 12) .
A recently characterized peroxidase from Leishmania major, LmP, was reported to be a naturally occurring hybrid, a putative "missing link" of heme peroxidases, because it exhibits sequence homology and enzyme activities characteristic of both APX and CCP (13) . This peroxidase has been designated LmAPX due to its initial designation as an ascorbate peroxidase, but as will become evident further on, we will refer to the L. major peroxidase as LmP. LmP conserves not only the proximal Trp (Trp 208 ) but also the two Met (positions 248 and 249) residues known to help stabilize the Trp 191 radical in CCP (Met  230 and Met   231 ), leading us to hypothesize that LmP might be the first well characterized peroxidase to mechanistically mimic CCP (13, 14) . We therefore have solved the crystal structure of LmP and employed EPR spectroscopy, enzyme kinetics, and mutagenesis to determine the location of the cationic radical in LmP Compound I.
EXPERIMENTAL PROCEDURES
Cloning and Site-directed Mutagenesis-LmP was expressed without the hydrophobic N-terminal tail, as ⌬34LmP. The construct was generously supplied by Dr. Subrata Adak (13) . ⌬34LmP was inserted into the pPAL7 (Bio-Rad) vector using the Infusion Dry-Down PCR cloning kit. The primers were designed to conserve the SpeI and NotI restriction sites in the pPAL7 vector and therefore code for two extra amino acids on the N terminus of ⌬34LmP, Thr and Ser. The oligonucleotides were synthesized by Operon: forward primer (SpeI), 5Ј-G CTC TTC AAA GCT TTG ACT AGT GAG GAG CCG CCG TTC-3Ј and reverse primer (NotI), 5Ј CGG GCT TAT GCG GCC GCT TAG CTC TCC GAA GCG-3Ј. Successful insertion was first verified with double digests using SpeI and NotI, followed by sequencing. All mutants in this paper were prepared using the Stratagene Lightning site-directed mutagenesis kit; and all mutagenic oligonucleotides, forward and reverse complement, were also obtained through Operon. The forward mutagenic primers for ⌬34LmP C197T and ⌬34LmP W208F were 5Ј-GCG CAC ACA TGC GGT GAG ACC CAC ATC GAA TTC TCC GGC-3Ј and 5Ј-GGC TAC CAT GGG CCG TTC ACA CAC GAC AAG AAC-3. CCPK1 is a CCP mutant that has been engineered to bind K ϩ at the same location as the K ϩ site in APX and LmP (7) . CCPK1/T180C was prepared in the same manner, using the CCPK1 mutagenic construct from our earlier studies (7) . The forward mutagenic oligonucleotide was 5Ј-GGG GCT CAC ACC CTG GGC AAG TGC CAC TTG AAG AAC TCT GGA TAC G-3Ј. Mutagenesis was confirmed with sequencing.
Protein Expression and Purification-The pPAL7/LmP plasmid was transformed into Escherichia coli BL21(DE3) cells and plated onto minimal media agar with ampicillin (100 g/ml). One colony was picked and grown in LB containing 0.5% glucose, to repress leaky expression, and ampicillin (100 g/ml) overnight at 37°C and 220 rpm agitation. Expression cultures of TB media with ampicillin (100 g/ml) were inoculated with the overnight culture (1:100). The cells were grown at 37°C with agitation of 220 rpm in a New Brunswick Scientific C25KC incubator. When the culture reached an A 600 of 0.8, the temperature was dropped to 25°C, and agitation was decreased to 100 rpm. Induction with isopropyl 1-thio-␤-D-galactopyranoside was found to be unnecessary because it caused a greater level of insoluble protein. The cells were harvested by centrifugation after 18 h of growth and stored at Ϫ80°C. The cells were thawed and resuspended by stirring for 1 h at 4°C in 50 mM sodium phosphate, pH 7.0, 10% glycerol, 150 mM sodium acetate, pH 6.0, 0.5 mM PMSF, 2 mM L-ascorbic acid, 25 M magnesium acetate, 100 g/ml lysozyme, 0.2 g/ml DNase, and 0.2 g/ml leupeptin. Sonication on ice for 2 min ensured efficient lysis. The soluble fraction was isolated by centrifugation at 37,500 ϫ g, 4°C for 1 h; the lysate was loaded onto a 10-ml Profinity eXact (Bio-Rad) gravity column that had been preequilibrated with 100 mM sodium phosphate, pH 7.0, 10% glycerol at a rate of 2 ml/min at 4°C. The column then was washed with 10 column volumes of 100 mM sodium phosphate, pH 7.0, 10% glycerol, followed by 10 column volumes of 300 mM sodium phosphate, pH 7.0, 10% glycerol. The column was incubated overnight at 4°C with 1 column volume of 100 mM sodium phosphate, pH 7.0, 10% glycerol, 100 mM sodium fluoride. The protein was eluted with the same buffer the following day at room temperature. The eluted protein was then concentrated in a 10,000 molecular weight cut-off Amicon concentrator at 4°C and then loaded onto a Superdex 75 16/60 column that had been pre-equilibrated with 50 mM potassium phosphate, 5% glycerol at a flow rate of 0.3 ml/min at 4°C. The resulting chromatogram exhibited three peaks. Active LmP elutes in the second peak as determined by the spectroscopic formation of Compound I upon equimolar addition of hydrogen peroxide. Sample homogeneity was determined by SDS-PAGE. Fractions with an R z (A 408 /A 280 ) of Ն1.2 were pooled and concentrated to at least 30 mg/ml. The C197T and W208F mutants were expressed and purified in the same manner. The protein concentration of LmP was calculated with the molar extinction coefficient, ⑀ 280 ϭ 74.3 mM Ϫ1 cm Ϫ1 , determined using the Pierce modified Lowry protein assay kit. The same kit was used to determine the molar extinction coefficients of the mutants, W208F ⑀ 280 ϭ 70.4 mM Ϫ1 cm Ϫ1 and C197T ⑀ 280 ϭ 69.2 mM Ϫ1 cm
Ϫ1
. The heme content of LmP and both mutants was between 95.6 and 99.7%. A slightly modified hemochromagen assay (15), 20% pyridine and 0.2 M NaOH, was used to determine heme content and these Soret molar extinction coefficients: LmP ⑀ 408 ϭ 113.6 mM Ϫ1 cm Ϫ1 , C197T ⑀ 408 ϭ 104.3 mM Ϫ1 cm Ϫ1 and W208F ⑀ 410 ϭ 108 mM Ϫ1 cm Ϫ1 . Purified protein was flash frozen in liquid nitrogen and stored at Ϫ80°C.
CCP, CCPK1, and CCPK1/T180C were expressed in E. coli BL21(DE3) cells and purified as described previously by Fishel et al. (12) and Meharenna et al. (39) . However, after the heme incorporation, both the CCP and CCPK1 were eluted from the DEAE column using a gradient of 20 -500 mM potassium phosphate pH 6, whereas the CCPK1/T180C was eluted with 500 mM potassium phosphate, pH 6.0.
Steady-state Activity Assays-Spectrophotometric steadystate activity assays using both reduced horse heart cytochrome c and L-ascorbic acid as substrates were performed at room temperature using a Cary 3E UV-visible spectrophotometer. The assays were carried out in 50 mM potassium phosphate buffer, which had been filtered with a 0.2-m sterile filter unit. The pH for CCP and the CCP mutants was 6.0, whereas the pH for LmP and its mutants was 7.0. Attempts to dialyze wild type and mutant LmP against a pH 6.0 buffer resulted in protein precipitating out of solution. Horse heart cytochrome c (Sigma) was dissolved in 50 mM potassium phosphate, pH 7.0, 10 mM sodium dithionite and incubated on ice for 30 min. Dithionite was removed by gel filtration over a disposable PD-10 column pre-equilibrated with 50 mM potassium phosphate, pH 7.0. The concentration of reduced horse heart cytochrome c was determined using the molar extinction coefficient, ⑀ 550 ϭ 27.6 mM Ϫ1 cm Ϫ1 , and the steady-state oxidation of reduced horse heart cytochrome c was calculated using ⌬⑀ 550 ϭ 19.6 mM Ϫ1 cm
(16 -18). The final reaction conditions were as follows: LmP, 29 pM; CCP, 38 pM; C197T, 47 nM; W208F, 79 nM; CCPK1, 47 nM; and CCPK1/T180C, 39 nM with 40 M reduced horse heart cytochrome and 0.180 mM hydrogen peroxide that had been standardized as described by Fowler and Bright (19) . The reaction was initiated by the addition of hydrogen peroxide and monitored for 30 s. L-Ascorbic acid was dissolved in water, and the concentration was determined using ⑀ 265 ϭ 14.5 mM Ϫ1 cm Ϫ1 (20). Final reaction conditions for ascorbate oxidation activity assays were as follows: LmP, 585 nM; CCP, 766 nM; C197T, 621 nM; W208F, 600 nM; CCPK1, 627 nM; and CCPK1/ T180C, 521 nM with 0.1 mM ascorbate and 0.3 mM hydrogen peroxide. The addition of hydrogen peroxide initiated the reactions, which were monitored at 290 nm (⑀ 290 ϭ 2.8 mM Ϫ1 cm Ϫ1 ) over 1 min (21, 22) . All LmP enzyme concentrations were determined using the Soret molar extinction coefficients reported in this paper, and the molar extinction coefficient used for CCP was ⑀ 408 ϭ 93 mM Ϫ1 cm Ϫ1 , and that used for CCPK1 and CCPK1/T180C was ⑀ 408 ϭ 96 mM Ϫ1 cm Ϫ1 (7, 17) . EPR Spectroscopy-CCP, CCPK1, and CCPK1/T180C were dialyzed against 50 mM potassium phosphate, pH 6.0, and LmP C197T and W208F were dialyzed against 50 mM potassium phosphate, pH 7.0, which had been filtered sterile, at 4°C, overnight. Enzyme concentrations were determined using the Soret molar extinction coefficients. Compound I EPR samples were prepared by combining equal volumes of 0.3 mM enzyme with 0.36 mM of hydrogen peroxide to total 0.3 ml. The sample was immediately transferred to an EPR tube and flash frozen in liquid nitrogen; this process took no more than 3 min for each sample. After the initial EPR spectra were collected at 7 K, each sample was concurrently removed from a cryo-Dewar and allowed to sit at room temperature for 30 min. The samples were simultaneously refrozen in liquid nitrogen and again subjected to EPR at 7 K. All spectra were standardized against a 1,1 diphenyl-2-picrylhydrazyl, g ϭ 2.0036 (23, 24). EPR settings were as follows: microwave frequency, 9.387 GHz; modulation amplitude, 0.40 G; modulation frequency, 100 kHz; field sweep rate, 23.84 G/s; microwave power, 0.638 milliwatt; receiver gain, 1.0 ϫ 10 4 ; and time constant, 5.120 ms. Crystallization of LmP and C197T-The precrystallization test (Hampton) was used to determine the most promising range of protein concentrations, 5-7 mg/ml, for the initial screenings of LmP. Various commercial crystallization kits were used to set up hanging drop vapor diffusion trays with a high throughput nanoliter dispensing robot, the Mosquito. LmP crystallized in a variety of conditions, the precipitant usually being PEG 3350. All crystallization reagents were filtered sterile (0.2 m). Diffraction quality crystals were grown overnight using sitting drop vapor diffusion trays at room temperature. An equal volume, usually 2 l, of 6 mg/ml LmP in 50 mM potassium phosphate, pH 7.0, 5% glycerol was combined with the crystallization solution, 0.2 M potassium chloride, 16% PEG 3350, and 2.5-5% glycerol.
In an attempt to obtain the ascorbate-bound structure, we soaked these crystals in cryo (well solution plus 20% glycerol) containing 0.5 and 1 mM ascorbic acid. The crystals, however, began to melt immediately upon introduction of this substrate. Nevertheless, LmP co-crystallized in the presence of ascorbic acid; 2 l of 9 mg/ml LmP was combined with an equal volume of 0.1 M HEPES, pH 7.4, 3.0% tacsimate, pH 7.0, 5 mM L-ascorbic acid, 20% PEG 3350, and 5-12.5% glycerol. These crystals were grown using sitting drop vapor diffusion at 4°C and would not grow without L-ascorbic acid. C197T crystals were obtained by using hanging drop trays and combining an equal volume of 7 mg/ml C197T with the reservoir solution of 0.1-0.12 M potassium chloride, 7.5-11.5 mM calcium chloride, 12% glycerol, and 18% PEG 3350. All cryoprotectants were identical to the specific crystallization solutions and included a final concentration of 20% glycerol.
Structural Determination and Refinement-LmP crystals diffracted to 1.76 Å resolution and belong to space group P2 1 2 1 2 1 with two molecules per asymmetric unit. Data for LmP were collected at SSRL beamline 7-1. The LmP structure was solved by combining phase information from molecular replacement and single wavelength anomalous dispersion (SAD) at the iron absorption edge. The SAD data were collected at 1.7 Å x-ray wavelength using an inverse beam protocol. High resolution data were also collected with a different crystal at 0.97 Å wavelength in two scans; in the low resolution scan, 100 frames were collected with 5-s exposure and 1°oscillation per frame, and in the high resolution scan, 200 frames were collected with 25-s exposure and 0.5°oscillation per frame. The data for each scan were indexed and integrated separately and scaled together using HKL-2000 software (25). SAD data were also processed using HKL-2000. Molecular replacement calculations were carried out with Phaser (26) through the CCP4i graphic interface (27) using cytochrome c peroxidase (Protein Data Bank entry 2CYP) as a search model. Phaser was also used for the SAD phasing calculation. Phases were combined using SigmaA followed by density modification using DM in the CCP4 suite. The resulting electron density was in excellent quality. The structure was then inspected and some surface regions manually rebuilt using COOT (28, 29) . Refinement was completed with REFMAC5 (30).
LmP crystals grown in the presence of ascorbate diffracted to 1.98 Å and were also in the P2 1 2 1 2 1 space group with two molecules per asymmetric unit. Data were indexed, integrated, and scaled in the aforementioned manner; molecular replacement was done with Phaser using substrate-free LmP as the search model. The resulting maps showed no electron density for ascorbate. C197T crystals diffracted to 2.38 Å and were also in the P2 1 2 1 2 1 space group. Two data sets from two separate crystals were collected at SSRL beamline 7-1; the first data set was 200 frames exposed for 25 s/frame, and the second data set was 200 frames exposed for 12 s/frame, both with 0.5°oscillations. Data were indexed and integrated separately and scaled together with HKL-2000. For the initial density calculation, all cations were removed from the LmP model, and Cys 197 was mutated into Ala to prevent any bias. After three rounds of refinements, the density continued to clearly exhibit the conserved cation binding sites (density visible up to 13 in F o Ϫ F c maps) and the Thr density at position 197. Crystallographic data collection and refinement statistics are provided in Table  1 , where all R free values are calculated with 5% of the data excluded from refinements.
RESULTS
Crystal Structure of LmP and C197T-The structure of LmP has been solved to 1.76 Å resolution and exhibits the characteristic peroxidase 10 ␣-helical bundle fold (Fig. 1) . The triple ␤-strand unique to CCP is present in LmP. This structural element is not present in APX. The electron density of LmP shows two cations, a potassium that is visible up to 20 in the F o Ϫ F c difference map and a calcium visible up to 26 in the same map (Fig. 2) . Given the coordinating amino acids (Table 2 ) and the electron density, the distal cation is probably a Ca 2ϩ , whereas the proximal cation is probably a K ϩ . These cations are conserved among the majority of heme peroxidases except CCP, which has no cations, and APX, which conserves only the proximal Na ϩ /K ϩ . The presence or absence of the K ϩ ion is critically important for stabilization of the Trp 191 cationic radical in CCP Compound I. The mechanism of stabilization is electrostatic. When Trp 191 is converted to a Gly, thus creating a proximal pocket cavity, the cavity can be filled with small molecules with a strong preference for positively charged imidazoles (8) and monovalent cations (9) . In addition, computational studies indicate that the Trp 191 local environment is designed to stabilize a positive charge (10) . Our laboratory has engineered the APX K ϩ binding site into CCP to give the mutant termed CCPK1. The presence of this (11) . Like CCP, changing the proximal Trp to Phe in LmP greatly decreased the cytochrome c peroxidase activity (31) , suggesting that LmP might also form a Trp radical. This would be inconsistent with the presence of the proximal K ϩ site in LmP.
Therefore, it was important to determine if LmP forms a stable Trp 208 radical using EPR spectroscopy. EPR Spectroscopy-CCP exhibits a characteristic EPR spectra of g ϭ 2.006, and LmP exhibits a very intense signal centered at g ϭ 2.000, consistent with Trp radical formation (Fig. 3) ϭO center (32), whereas various conformational states result in a distribution of coupling from antiferromagnetic to ferromagnetic. In other words, the precise shape of the spectrum is quite sensitive to subtle differences in the local environment, so it is not too surprising that the LmP radical signal differs from that of CCP. To ensure that the radical derives from oxidation of Trp 208 , the mutant W208F was prepared. This mutant previously has been shown to exhibit diminished cytochrome c peroxidase activity (31) . As expected, the Compound I EPR signal of W208F is essentially lost (Fig. 3) , whose sulfur atom directly contacts Trp 208 . The electronegative sulfur or even a partially/fully deprotonated sulfur might provide additional electrostatic stability to the Trp 208 cation radical. We therefore prepared the C197T mutant in LmP and the T180C mutant in CCPK1, the engineered version of CCP that contains the K ϩ site, to give CCPK1/T180C. Fig. 4 shows the electron density of the mutant in this region. Outside the site of mutation, there is no significant differences between the mutant and wild type structures. The C197T LmP mutant exhibits a significantly decreased EPR signal at g ϭ 2.001 (Fig. 3) . In fact, this mutation produces the same decrease in signal as the W208F mutant. Of all of the mutants, however, CCPK1 exhibits the weakest Compound I EPR spectra (Fig. 3) . The EPR signal of CCPK1/T180C exhibits a stronger signal at g ϭ 2.004, indicating some restabilization but not nearly to the level of wild type CCP. Cys 197 is, therefore, an essential residue for the Trp 208 cation radical. We also examined the relative stability of the Trp radical in both wild type and mutant proteins by subtracting the g ϭ 2.00 maxima of the sample thawed for 30 min from the initially rapidly frozen samples (Fig. 3) . The stability of the Trp radical in LmP is very high, with only a 20% loss of signal intensity after 30 min at room temperature. In addition, the UV-visible spectra of wild type LmP Compound I and the mutants show little change after 30 min at room temperature (supplemental Fig. S1 ), indicating that the Fe(IV)ϭO center is also quite stable. The stability of CCP Compound I is very similar (33) . In sharp contrast, LmP C197T exhibits a complete loss of EPR signal after 30 min at room temperature. The W208F mutant is nearly as unstable as the C197T mutant in that it exhibits a 96% signal reduction. CCP exhibits a 78% reduction in signal. Interestingly, the CCPK/T180C refrozen signal exhibits only a 64% reduction, suggesting that the introduction of the Cys residue contributes more to longer term radical stability. Where the radical is situated in the mutants remains unknown. However, mutagenesis studies of CCP where the Trp 191 Compound I radical no longer forms indicates that tyrosine(s) serves as electron donor(s) in forming Compound I and that the weak EPR signal in the CCP mutants is due to residual partial spin remaining on an unstable Tyr radical (5, 11, 34) . The similarity in the EPR signals of the LmP mutants suggests that Tyr is the most likely alternate electron donor which is much less stable than the Trp radical in wild type LmP.
Steady-state Activity Assays-The cytochrome c peroxidase activity assays were carried out using one substrate (reduced horse heart cytochrome c) and at one ionic strength (50 mM). We observe a much higher cytochrome c peroxidase activity for LmP (Table 2 ) than reported previously (31) . This could be due to the differences in the expression vector. The pTrcHis vector (Invitrogen) used in the previous studies codes for an extra 21-amino acid N-terminal tail. Such a long, flexible, and seemingly unstructured region could interfere with substrate interactions. Furthermore, the highly purified samples we prepared for crystallization exhibited a higher R z , at least 1.2, compared with an R z of ϳ1 previously obtained (13) . Both factors could explain why we observe a higher cytochrome c peroxidase activity for LmP.
The wild type enzymes, CCP and LmP, had much higher activities than the mutant enzymes. As expected, both W208F and C197T exhibited a significantly decreased ability to oxidize cytochrome c. These data are consistent with the decreased EPR signals of both mutants. We initially thought that introduction of Cys into the CCPK1 mutant might restore cytochrome c peroxidase activity by providing increased stability to the Trp 191 radical; this does not occur although the conversion of Thr 180 to Cys in CCPK1 does enhance the Compound I EPR signal. Nevertheless, the EPR spectra is still much lower than wild type CCP and exhibits a completely different profile. Therefore, it is not surprising that the CCPK/T180C exhibits very low activity. Table 2 also shows that the LmP activity using ascorbate as the substrate is quite low. We attempted to solve the LmPascorbate structure by either soaking in high concentrations of ascorbate or by co-crystallization. Co-crystallization in the presence of 5 mM ascorbate did yield reasonable crystals, allowing us to collect a 1.98 Å data set, but there was no hint of ascorbate binding. Perhaps this is not too surprising because the anticipated binding site for ascorbate in LmP has some important differences from APX. First, the loop connecting the A and B helices where ascorbate binds in APX is one residue longer in LmP. Second, Arg 172 , which in APX hydrogen-bonds with ascorbate (35) and is known to be essential for APX activity (36) 
DISCUSSION
As expected from sequence alignments, LmP is a hybrid peroxidase that shares structural features of the various classes of heme peroxidases. Like class 3 peroxidases, such as horseradish peroxidase, LmP contains two cation binding sites. In class 3 peroxidases, both cations are Ca 2ϩ , but in LmP, like in plant APX, the proximal cation is monovalent, probably K ϩ . Unique to yeast CCP is a long insertion between the A and B helices that provides contacts with cytochrome c in the CCP-cytochrome c complex (37) . This region is much shorter in APX and forms part of the ascorbate binding pocket. LmP more closely resembles APX in this region, although the loop is one residue longer in LmP. LmP also lacks the key Arg 172 residue in APX required for binding ascorbate (35, 37) . The analogous residue in LmP is Phe
201
. Simple modeling indicates that ascorbate cannot bind to LmP the same as in APX due to steric clashes both with the Phe 201 and the longer loop connecting the A and B helices, which may account for the fairly poor ascorbate peroxidase activity of LmP, 9.2 min Ϫ1 compared with ϳ250 s Ϫ1 for plant APX (38) . Similar mutations have been made in yeast CCP that also improve ascorbate peroxidase activity (39, 40) . As expected, the mutants' decrease in cytochrome c peroxidation correlates with an increased ascorbate peroxidase activity (Table 3 ). The final segment of structure unique to LmP and CCP is the triple ␤-strand segment near the Trp radical. This region very likely provides additional protection of the Trp radical in Compound I.
Although LmP forms the Trp radical like CCP, the shape of the spectrum is very different. A complete understanding of the CCP Trp 191 radical required isotope substitution (2), EPR, and electron double resonance spectroscopy (32) . Although these types of investigations are beyond the scope of the present study, the lessons learned from CCP can shed light on the LmP Compound I EPR spectrum. The shape of the EPR spectrum clearly indicates more than one, probably two, species that are in fast exchange on the time scale of the EPR experiment. The CCP Trp 191 radical also has two species that are weakly coupled to the spin ϭ 1.0 Fe 4ϩ ϭO center, one of which is the dominant antiferromagnetically and the other a minor ferromagnetically coupled species. These two species arise from very subtle differences in conformational states. Minor changes in the active site can cause major differences in Compound I EPR properties. For example, conversion of Asp 235 in CCP (Fig. 1) to Glu gives rise to a much narrower EPR signal of Compound I (41) and has been attributed to a near elimination of one of the conformational states observed in wild type CCP (32) . The LmP Compound I EPR spectrum more closely resembles the CCP D235E EPR spectrum than wild type CCP, indicating that LmP favors one of the two states observed in CCP. The His-Asp-Trp hydrogen-bonded network is thought to play a key role in the Trp radical EPR properties (32) , suggesting, perhaps, that there may be subtle differences between CCP and LmP in this hydrogenbonding network. Of course, the major structural difference between LmP and CCP is that LmP has Cys 197 where CCP has Thr 180 . This could affect the hydrogen-bonding network or, by an as yet to be determined mechanism, favor one EPR conformer/state over another. Full dissection of this problem and determination of the precise effects of Cys 197 on the LmP EPR Compound I properties are readily possible but will require the analysis of mutants of CCP and LmP that both retain activity and form a stable Trp radical.
Taken together, these structural and functional results clearly show that LmP is indeed a structural hybrid of different peroxidases but is not truly a functional hybrid. The observations that our preparations of the Lm peroxidase form a stable Trp radical and that cytochrome c is a much better substrate than ascorbate suggest that the biological function of the Lm enzyme is to serve as a CCP. Moreover, it has recently been shown that LmP is localized to the inner mitochondrial membrane of promastisgotes (42) similar to yeast CCP. It thus is tempting to rename LmP to LmCCP. However, what remains to be demonstrated is whether or not the putative native substrate, cytochrome c from L. major (Lm cytochrome c), is a good redox partner. All studies for the Lm peroxidase so far have used horse heart cytochrome c as a substrate. Until such data become available, we suggest that the L. major enzyme be referred to as simply Lm peroxidase or LmP. 
